Three evolutionarily conserved proteins known as SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors) mediate exocytosis from single cell eukaryotes to neurons. Among neuronal SNAREs, syntaxin and SNAP-25 (synaptosome-associated protein of 25 kDa) reside on the plasma membrane, whereas synaptobrevin resides on synaptic vesicles prior to fusion. The SNARE motifs of the three proteins form a helical bundle which probably drives membrane fusion. Since studies in vivo suggested an importance for multiple SNARE complexes in the fusion process, and models appeared in the literature with large numbers of SNARE bundles executing the fusion process, we analysed the quaternary structure of the full-length native SNARE complexes in detail. By employing a preparative immunoaffinity procedure we isolated all of the SNARE complexes from brain, and have shown by size-exclusion chromatography and negative stain electron microscopy that they exist as approx. 30 nm particles containing, most frequently, 3 or 4 bundles emanating from their centre. Using highly purified, individual, full-length SNAREs we demonstrated that the oligomerization of SNAREs into star-shaped particles with 3 to 4 bundles is an intrinsic property of these proteins and is not dependent on other proteins, as previously hypothesized. The average number of the SNARE bundles in the isolated fusion particles corresponds well with the co-operativity observed in calcium-triggered neuronal exocytosis.
INTRODUCTION
The discovery of the SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) fusion assembly comprising syntaxin, SNAP-25 (synaptosome-associated protein of 25 kDa) and synaptobrevin, also known as VAMP2 (vesicleassociated membrane protein 2), provided a fundamental advance in the understanding of vesicle exocytosis [1] . Homologues of neuronal SNAREs have been identified in numerous eukaryotic cells and in many subcellular compartments [2] [3] [4] . Both genetic and biochemical studies have confirmed a direct involvement of SNAREs in the membrane fusion process [5] [6] [7] [8] . The majority of information about SNARE properties arises from studies of the soluble truncated proteins, but it is becoming clear that the transmembrane domains affect both the structure and the function of SNAREs. Structural studies using soluble fragments of SNAREs demonstrated that they form an approx. 14 nm parallel four-helical bundle [7, 9] , whereas brain-derived SNARE complexes isolated on an α-SNAP (α-soluble N-ethylmaleimide-sensitive fusion protein attachment protein) affinity column appear as a mixture of monomeric and oligomeric bundles [10] . Numerous studies in vivo of the native SNAREs observed oligomeric highmolecular-mass complexes by SDS/PAGE [11] [12] [13] [14] [15] and, importantly, neuronal exocytosis was shown to exhibit a SNARE-dependent co-operativity [8] . A number of models of membrane fusion have been proposed where the SNARE proteins form multiple SNAREpins that execute membrane fusion [16] [17] [18] . The number of SNARE complexes required for a fusion event was indirectly estimated, through titrating a synaptobrevin/VAMP2 fragment in a cell-based assay, suggesting the co-operation of at least three SNARE complexes in membrane fusion [19] . In a more recent study, mutagenesis of the syntaxin TMR (transmembrane region) affected exocytosis, leading the authors to hypothesize that either 5 or 8 syntaxin molecules may work together in a single vesicle fusion event [20] .
Despite persistent indications for the involvement of multiple SNARE complexes in vesicle fusion, a direct quantitative analysis of the number of SNARE bundles participating in the proposed oligomeric assemblies has not been performed to date. If multiple SNARE bundles are necessary for a fusion event it is very likely that the SNAREs are physically linked, for example, through their TMRs [10, 21] . Both synaptobrevin and syntaxin TMRs have been shown to interact [21] , although synaptobrevin TMR-TMR interactions are still under debate [22, 23] . To characterize quantitatively the oligomeric nature of the neuronal SNARE complex we decided to isolate all brain SNARE complexes and to analyse them using transmission electron microscopy [10] . By using an immunoaffinity approach we achieved total extraction of the SNARE ternary complexes, allowing us to draw conclusions on both the magnitude of oligomerization and the number of SNARE bundles in native complexes. We now show that virtually all SNARE complexes isolated from brain appear as oligomeric particles which predominantly contain three to four, but do not exceed six, bundles. Using highly purified individual SNAREs we reconstituted these star-shaped SNARE complexes, with the same number of SNARE bundles as in the native particles, indicating that SNAREs can readily form the oligomeric structures in the absence of any accessory proteins. We propose that the average number of SNARE bundles in the fusion particles may be an essential factor underlying the co-operativity properties observed in calciumtriggered neuronal exocytosis [24] . Immunoaffinity purification and size-exclusion chromatography of SNARE proteins
The native SNARE complex was isolated essentially as described previously [25] . All procedures were carried out at 4
• C. Anti-SNAP-25 antibody (1 mg) was purified from 1 ml of ascite fluid on Protein G beads (GE Healthcare) using a low pH elution protocol. Anti-SNAP-25 antibody was covalently coupled to 1 ml of CNBractivated Sepharose-4B (GE Healthcare) according to the manufacturer's instructions. Mature bovine cerebral cortex (3.5 g; PelFreez Biologicals, Rogers, AR, U.S.A.) was homogenized in 50 ml of PBS containing 2 mM EDTA and membrane material collected by centrifugation at 12 000 g for 20 min. Pelleted membranes were solubilized in 50 ml of PBS in the presence of 2 % (v/v) Thesit and Complete protease inhibitor cocktail (Roche). The lysate was cleared by centrifugation (45 min at 100 000 g) and supplemented with NaCl to 0.5 M. Brain protein (250 mg) was batch-incubated with the anti-SNAP-25-Sepharose for 2 h. The gel was then washed in a column with 30 ml of PBS, adjusted to 1 M NaCl, 0.2 mM EGTA and 0.1 % Thesit. The 1 M NaCl wash step removes synaptotagmin and complexin, the two accessory proteins co-isolating with the SNAREs [26] . Bound SNARE proteins were eluted with 12 ml of 0.1 M glycine/HCl buffer, pH 2.5, containing 0.25 M NaCl, 0.2 mM EGTA and 0.1 % Thesit, and the eluate was immediately neutralized by the addition of Tris/HCl, pH 8.8. Concentrated eluate was applied to a Superose 6 sizeexclusion column (GE Healthcare) equilibrated in 10 mM Hepes buffer, pH 7.4, 0.1 M NaCl and 5 mM dithiotreitol containing a detergent (0.8 % β-octylglucoside, 0.1 % Thesit and 0.6 % CHAPS or 0.1 % Triton X-100) and eluted at a flow rate of 0.5 ml/min. Proteins were analysed by SDS/PAGE, and fractions containing all three SNAREs were pooled for further analysis.
Re-assembly of the SNARE complex
Monomeric syntaxin 1, SNAP-25 and synaptobrevin were isolated as described previously [25] . Briefly, the native SNARE complex was disassembled in SDS and individual proteins were separated by SDS/PAGE (12 % gel) with preparative electroelution using a MiniPrep Cell (Bio-Rad) at 200 V. The ionic detergent was removed on a Superdex-200 size-exclusion column (GE Healthcare) equilibrated in 10 mM Hepes buffer, pH 7.4, containing 0.1 M NaCl and 0.8 % (w/v) β-octylglucoside (buffer A). Protein function was confirmed by re-assembly of the SDS-resistant SNARE complex and by synaptotagmin binding [25, 26] . The three monomeric SNAREs were mixed at a final concentration of 1 µM in buffer A and incubated at 25
• C for 30 min. Recombinant syntaxin 1A without its TMR (residues 1-261) was produced as described previously [25] .
Transmission electron microscopy of SNAREs
Aliquots (4 µl) of the SNARE samples or buffer A were applied to carbon-coated electron microscopy grids that were rendered hydrophilic by glow discharge. Ferritin, used as a standard in negative stain electron microscopy, was from Sigma. The grids were stained with 2 % (w/v) uranyl acetate. Electron micrographs were recorded on a Phillips CM12 using low-dose transmission electron microscopy at a primary magnification of 35 000 and an accelerating voltage of 120 kV. The resulting micrographs were digitized using a Zeiss SCAI with a 21 µm × 21 µm pixel size. Representative particles were selected by hand with no further processing.
RESULTS
To investigate the native SNARE complex by electron microscopy we isolated it in preparative quantities from bovine brain detergent extract in a single immunoaffinity step. A typical 2-h round of anti-SNAP-25 immunoaffinity chromatography yielded 1 mg of the three SNARE proteins ( Figure 1A) . To determine the efficiency of the isolation procedure we compared a flow-through sample with a series of dilutions of original loading material. Figure 1(B) shows that the affinity column completely removes SNAP-25 (and thus, all trimeric SNARE complexes) from the loaded material together with 50-60 % of syntaxin and synaptobrevin. Following the immunoaffinity step, SNARE complexes were separated from any free SNAP-25 using size-exclusion chromatography in a buffer containing β-octylglucoside ( Figure 1C ). The three SNARE proteins eluted together in high-molecular-mass fractions preceeding ferritin that has a molecular mass of 440 kDa and, by negative stain electron microscopy, measured approx. 11 nm diameter [27] . The migration of the native SNARE complex ahead of ferritin was identical in four different detergents: 0.8 % β-octylglucoside, 0.1 % Thesit, 0.6 % CHAPS and 0.1 % Triton X-100 (results not shown), and provided an indication that all SNARE complexes are likely to possess some supramolecular organization.
SNARE bundles can be visualized by negative stain transmission electron microscopy [7, 10] . Despite the fact that the negatively stained SNAREs have a very low contrast, the field view in the presence of the SNARE complex was littered with approx. 30 nm particles, whereas in a control experiment with the elution buffer alone the grids had a uniform staining (Figure 2A ). Transmission electron microscopy of negatively stained ferritin revealed smaller particles compared with the SNARE material. When viewed at higher magnification the SNARE particles are observed as star-shaped assemblies, whereas ferritin appears as a ring (Figure 2B) . We quantified the number of legs in the isolated SNARE particles. Between three and five bundles per particle were observed in nearly 90 % of particles (n = 256), with the most frequent numbers being three and four (Figure 3 ). The percentage of native particles with a single bundle was very low (2 %), contrasting with the SNARE material isolated by an α-SNAP affinity approach [10] . Does oligomerization of SNARE proteins require additional factors? Vesicular synaptotagmin and cytosolic complexin copurify with the SNAREs [26] and were directly implicated in oligomerization of the SNARE complexes [14, 28] , but later studies shed doubt on these hypotheses [29, 30] . Nevertheless, the oligomeric structure observed for the native SNARE complex could still be a consequence of the previous action of another brain protein. In addition, isolation of native SNARE complex in an oligomeric state could be due to concentration of SNARE bundles in detergent-resistant membrane microdomains. To test whether SNAREs themselves are sufficient to assemble into the starshaped oligomers we isolated full-length syntaxin, SNAP-25 and synaptobrevin in the presence of a 100-fold molar excess of β-octylglucoside detergent and incubated the three individual proteins for 30 min. This revealed that the three SNAREs were able to form the same size particles as observed for the purified complex ( Figure 4A ). However, individual proteins and the stable syntaxin-SNAP-25 binary assembly in control experiments were beyond the resolution of electron microscopy (results not shown). Quantification of the number of legs per re-assembled SNARE particle showed a non-random distribution with 3-4-spoked structures prevailing ( Figure 4B ), similar to the native SNARE complexes (Figure 3) . Analysis of the shape of individual particles showed a star-shaped appearance for the newly formed SNARE complex, mirroring that of the native SNARE oligomers isolated from brain ( Figure 4C ). We conclude, therefore, that the SNARE fusion proteins, in the absence of any additional proteins, are capable of spontaneous assembly into the star-shaped oligomers containing most often 3 or 4 SNARE bundles. 
DISCUSSION
Although the SNARE proteins are now known to be intimately involved in vesicle exocytosis, the precise mechanisms underlying the protein-driven fusion of two opposing membranes are still under investigation. A deeper understanding of intracellular membrane fusion critically depends on a quantitative characterization of the elements driving this process. On the basis of the existence of high-molecular-mass SDS-resistant bands in gel electrophoresis it was hypothesized that SNARE complexes function as oligomers in vivo [11, 12, 31] , and independent theoretical models depicted multiple SNARE bundles driving a singular fusion event [16, 18] . Using genetic and electrophysiological approaches, Stewart et al. [8] demonstrated that not only the probability, but also the co-operativity of the calcium-triggered vesicle fusion, exhibits a clear dependence on the number of SNAREs. Since multimerization of SNAREs may be an essential step in vesicle exocytosis, with the number of participating proteins directly determining either the speed of opening or diameter of the fusion pores [20] , we sought to quantitatively analyse the brain SNARE complex. Our finding that the majority of the native SNARE particles contain 3 to 4 SNARE bundles is in close agreement with the Hill coefficient observed for calcium-triggered vesicle fusion [8, 24] . As we did not observe any particles containing more than 6 bundles it is unlikely that 8 ternary complexes would act together, as has been suggested in previous models [16, 18, 20] .
Hohl et al. [10] observed previously only a proportion of brainpurified SNARE particles with several SNARE bundles which can be decorated by α-SNAP and NSF (N-ethylmaleimide-sensitive fusion protein); however, the magnitude of oligomerization has not been investigated to date. It is possible that their use of α-SNAP to purify the SNARE complexes led to the enrichment of individual bundles leading the authors to conclude that monomeric SNARE bundles predominate in brain material [10] . Several observations argue against the possibility that the oligomeric appearance of the SNARE bundles is a consequence of protein concentration in detergent micelles. If detergents can indiscriminately concentrate various membrane proteins then one would expect that it would not be possible to isolate pure SNAREs in a single step from the total brain extract. This is clearly not the case and Figure 1 demonstrated a high degree of purity of the SNAREs obtained on the anti-SNAP-25 antibody immunoaffinity column. Furthermore, the non-uniform distribution of the SNARE bundles per SNARE particle is also not consistent with such a possibility (Figures 3 and 4B) . Both native and reassembled SNARE complexes behave as high-molecular-mass assemblies in the presence of a 100-fold excess of micellar β-octylglucoside (micelles per bundle ratio). A concentration of bundles in one particular micelle would be thermodynamically unlikely unless formation of oligomeric SNARE particles involves a protein-protein interaction, for example, involving the TMRs. Indeed, interaction of SNARE TMRs has already been demonstrated [21] and can logically account for the observed oligomeric appearance of the SNARE bundles [10] . Our re-assembly experiments using the bacterially expressed syntaxin 1A lacking its TMR led to the formation of irregular aggregates exceeding 80 nm (see Supplementary Figure 1 , http://www.BiochemJ.org/bj/388/ bj3880075add.htm), which precluded further quantitative analysis. It is noteworthy that syntaxin lacking its TMR gives rise to a variety of parallel and anti-parallel structures which may explain formation of these erroneous aggregates [32] [33] [34] .
The aim of the present study was to define the oligomeric states of both the native and the in vitro re-assembled SNARE complexes. The ability of brain-purified SNAREs to form, on their own, star-shaped particles is a novel observation. Our results strongly support a view that full-length SNAREs readily form oligomeric assemblies which may operate in membrane fusion [20] , in a similar manner to oligomeric viral fusion proteins [35, 36] . In vivo, the ternary SNARE complexes form only upon the approach of vesicles to their target membranes, and it is likely that their oligomeric characteristics are due to pre-organization of SNAREs in the opposing membranes. Since the current technologies can not visualize thin four-helical bundles on or between phospholipid membranes, it will be essential to develop alternative approaches to uncover when and how the SNARE oligomers form, and quantify the number of fusion complexes participating in a single fusion event. It will also be of interest to compare, using the methods described in the present study, SNARE complexes from other eukaryotic sources to understand whether the oligomeric organization of the fusion complex is a common property throughout evolution. Such quantitative studies will undoubtedly bring us a better understanding of the fusion process.
